We describe the use of electron channeling contrast imaging in the scanning electron microscope to rapidly and reliably image and identify threading dislocations (TDs) in materials with the wurtzite crystal structure. In electron channeling contrast imaging, vertical TDs are revealed as spots with black-white contrast. We have developed a simple geometric procedure which exploits the differences observed in the direction of this black-white contrast for screw, edge, and mixed dislocations for two electron channeling contrast images acquired from two symmetrically equivalent crystal planes whose g vectors are at 120 to each other. Our approach allows unambiguous identification of all TDs without the need to compare results with dynamical simulations of channeling contrast. DOI: 10.1103/PhysRevLett.108.135503 PACS numbers: 61.72.Ff, 07.78.+s, 61.72.uj, 68.37.Hk The reduction of defects such as threading dislocations (TDs) in GaN, ZnO, SiC, and related materials is key to the optimization of new devices. TDs act as scattering centers for light and charge carriers and give rise to nonradiative recombination and to leakage currents, severely limiting device performance [1] [2] [3] .
The reduction of defects such as threading dislocations (TDs) in GaN, ZnO, SiC, and related materials is key to the optimization of new devices. TDs act as scattering centers for light and charge carriers and give rise to nonradiative recombination and to leakage currents, severely limiting device performance [1] [2] [3] .
At present, transmission electron microscopy (TEM) is the best known technique for characterizing individual dislocations [4] [5] [6] . The need for sample preparation and the localized nature of the information acquired from TEM make other microscopic imaging techniques such as atomic force microscopy, and the subject of this Letter, electron channeling contrast imaging (ECCI) coupled with the acquisition of electron channeling patterns (ECPs), attractive complementary techniques to TEM.
Electron channeling contrast images are produced from electrons which channel down, or equivalently are diffracted from the crystal planes of a suitably oriented sample. Changes in crystallographic orientation or changes in lattice constant due to local strain are revealed by changes in contrast in a channeling image constructed by monitoring the intensity of backscattered electrons as an electron beam is scanned over the sample. Extremely small changes in orientation and strain are detectable, revealing, for example, low angle tilt and rotation boundaries and atomic steps and enabling dislocations to be imaged. Vertical TDs appear as spots with black-white (B-W) contrast; this is seen in Fig. 1(a) , an electron channeling contrast image acquired from a 1600 nm GaN thin film. All images in this Letter were acquired from this sample, the growth conditions for which are reported elsewhere [7] .
The conditions required to resolve individual dislocations in an electron channeling contrast image are quite stringent; a small (nanometers), high brightness (nanoamps or higher), low divergence (a few mrad) electron beam is required [8] . Such conditions are met in a field emission gun scanning electron microscope. Our electron channeling contrast images were acquired with an electron beam spot of % 4 nm, a beam current of % 2:5 nA, and a beam divergence of % 4 m rad using an FEI Sirion field emission gun scanning electron microscope. We use a forescatter geometry where the sample is tilted between 30 and 70 to the impinging electron beam and the backscattered electrons are detected by an electron-sensitive diode placed in front of the sample [8, 9] . It is also necessary to use a detection system that allows discrimination between electrons leaving the sample which carry channeling information and those which have been diffusely scattered by the sample. An amplifier which can offset the diffuse background signal and amplify the channeling signal is required. We use electron-sensitive diodes and a signal amplifier provided by K.E. Developments Ltd.
The acquisition of an electron channeling pattern (ECP) allows the set of planes from which the electrons are diffracted to be selected. This procedure is referred to as selecting g. An ECP is obtained when changes in the backscattered electron intensity are recorded as the angle of the incident electron beam is changed relative to the surface of a single crystal area of the sample-this is referred to as rocking the beam. When an image is acquired at low magnification, as the beam is scanned over the sample, it changes its angle with respect to the surface of the sample (in our case by around AE2:5
) allowing an ECP to be obtained. When the beam is rocked over the sample, different planes of the crystal satisfy the Bragg condition, giving rise to the appearance of overlapping bands of bright and dark lines (Kikuchi lines [10] ) superimposed on the image of the sample; this is the ECP, as seen in Fig. 1(b) . The ECP is a 2D projection of the crystal structure, with the Kikuchi lines corresponding to different planes in the crystal. Comparing the ECP with kinematical electron diffraction [11] simulations allows the pattern to be indexed, that is, the planes in the ECP to be identified. We have also compared our ECPs with dynamical simulations [12] to verify our indexing, as shown in Fig. 2 . The point on the ECP around which the electron beam is rocked is referred to as the pattern center (PC) [see Fig. 1(b) ]. If a single Kikuchi line intersects the PC, this is the plane which will provide channeling contrast in the electron channeling contrast image. Changing the tilt and/or rotation of the sample allows different g to be selected. If only one Kikuchi line intersects the PC, this is referred to as a two-beam diffraction condition (i.e., only the incident beam and the diffracted beam from one plane determine the contrast in the electron channeling contrast image). If more than one Kikuchi line intersects the PC then we have a multibeam diffraction condition. In general, electron channeling contrast images acquired under multibeam conditions exhibit better signal to noise than those obtained using two-beam conditions. In practice, it is difficult to achieve exact two-beam conditions; however, it is possible to get sufficiently close to allow quantitative analysis of the resultant electron channeling contrast images. Note that the acquisition time required to obtain either an electron channeling contrast image or an ECP is typically less than a minute. Detailed descriptions of ECCI and ECP are given in the references [8, 9, [12] [13] [14] [15] .
It is possible to select a diffraction condition (and the position of the forescatter detector) so that atomic steps in the nitride thin films are revealed. The atomic steps are revealed due to lattice distortion at the steps. Similar step contrast is observed in resonance electron microscopy images [16, 17] . If a diffraction condition is selected so as to give strong contrast for the atomic steps and for screw, edge, and mixed dislocations (normally a multibeam condition), it is possible to differentiate between dislocations with a screw component (those which terminate a step) and pure edge dislocations (those that do not terminate a step) in a manner analogous to that used to identify dislocations in atomic force microscopy images [18] . This is illustrated in Fig. 1(a) . However, this method does not allow discrimination between pure screw and mixed dislocations.
It is possible to identify dislocations in electron channeling contrast images using the invisibility criteria used in TEM [19] . However, for plan-view diffraction images of c-plane-oriented wurtzite materials, it is not possible to satisfy both g Á b ¼ 0 and g Á b Â u ¼ 0 (where b is the Burgers vector) for vertical threading edge dislocations (b ¼ 1=3h11-20i); the ideal g to satisfy the invisibility criterion for all edge dislocations is (0002) which is not accessible in the plan-view geometry. For the vertical threading screw dislocations (b ¼ h0001i) surface relaxation dominates and again the invisibility criterion cannot be applied. The surface relaxation contrast mechanism was first described by Tunstall et al [20] , and results from ''a nonuniform twist of the lattice about the screw dislocation, which decreases with increasing distance from the center of the screw''. Where a screw dislocation is revealed by surface relaxation, the B-W contrast direction is perpendicular to g. 
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As it was found not to be possible to identify the dislocations in our GaN thin film by applying the standard TEM invisibility criteria, another approach had to be developed. In this Letter, we describe a procedure which exploits the differences observed in the direction of the B-W contrast for screw, edge, and mixed dislocations on comparing two images acquired via channeling from two symmetrically equivalent crystal planes whose g are at 120 to each other. The diffracting planes were selected to produce similar channeling contrast for the screw, edge, and mixed dislocations. The choice of symmetrically equivalent planes for the acquisition of the two images produces a simple and easily predictable change in the direction of the observed B-W contrast. This procedure allows us to unambiguously identify the individual dislocations. The application of this simple geometric approach does not require the comparison of our experimental images with dynamical simulations of channeling contrast.
To our knowledge, there is no reported work on identifying all the different TD types in wurtzite nitride thin films using ECCI. There have been a number of seminal papers published by Picard et al [21, 22] in which the authors, following the work of Tunstall et al [20] , identified dislocations with a screw component as those which exhibited a B-W contrast direction perpendicular to their selected g. They selected their g from electron backscatter diffraction patterns. They also identified edge dislocations as those whose B-W contrast was independent of g. However, they were not able to differentiate between screw and mixed dislocations, and thus were not able to identify pure screw dislocations which are the most detrimental to the device performance in a wide range of semiconductors [23] [24] [25] [26] . The ability to unambiguously differentiate all three types of dislocations places us in an excellent position to understand the role of screw versus mixed versus edge dislocations in the performance of a wide range of devices.
The technique we are using to identify dislocation types in our electron channeling contrast images is simple, but the simplicity of the technique relies on choosing appropriate crystal planes for diffraction. Two symmetrically equivalent crystal planes, (31-4-3) and (-1-34-3), with g at 120 to each are selected (see Fig. 3 ) . Figures 3(a) and  3(b) show the electron channeling contrast images taken from the same part of the sample for the two chosen g. To identify the dislocations we monitor the changes in the direction of the B-W contrast that occur when the direction of g is changed. Figures 3(c) and 3(d) show the ECPs which correspond to the electron channeling contrast images of Figs. 3(a) and 3(b) , respectively. Note that in each case only a single crystal plane has been chosen for diffraction and hence the intensity and contrast of the observed dislocations are determined by these selected crystal planes; i.e., we are imaging under two-beam diffraction conditions. The circle, rectangle, and the octagon shown in Figs. 3(a) and 3(b) highlight screw, edge, and mixed dislocations, respectively, taken at the two selected g. Note that when the diffraction conditions are changed, this also changes contrast in subgrains, i.e., regions bounded by low angle tilt or rotation boundaries. For example, the brighter contrast seen in the top right corner indicated by a black arrow in Fig. 3(a) changes to dark contrast indicated by a white arrow in Fig. 3(b) . The dark band which appears across the middle of the image shown in Fig. 3(b) is a ''shadow'' cast by a particle on the surface of the sample. This particle was used to help locate the same part of the sample when the diffraction conditions were changed.
Figures 4(a)-4(h) show high magnification electron channeling contrast images of all the types of TDs. Figures 4(a)-4(d) show images of screw dislocations and show that the direction of their B-W contrast follows g (as discussed previously) and is always orthogonal to the direction of g.
There are two possible directions of the B-W contrast observed for screw dislocations for a given g, corresponding to screw dislocations with a b of [000 AE 1] . Following the arguments of Edington et al. [27] for the identification of screw dislocations-that if the dark lobe (black contrast direction) lies to the left of g then it is a right-handed screw (b [0001]) and if it lies to the left of g then it is a lefthanded screw (b [000-1]-we can assign a b of [000-1] to the dislocation shown in Fig. 4(a) and a b of [0001] to the dislocation shown in Fig. 4(c) . This argument is valid assuming our g is positive. The direction of the B-W contrast for an edge dislocation depends on its b and not on g [22] . The B-W contrast simply reflects the tensile-compressive strain distribution across the edge dislocation [28] . As GaN is a wurtzite semiconductor there are six possible b (1=3h11-20i). We observe six directions of the B-W contrast for the edge dislocations for a given g, where the directions are at 60 to each other. Figures 4(e) and 4(f) show the B-W contrast direction for an edge dislocation for the two selected g; note that on changing g by 120 the B-W contrast simply reverses. Finally, for mixed dislocations, b is the vector sum of their edge and screw components; i.e., the b are 1=3h11-23i. There are 12 possible b for mixed dislocations. We observe 12 directions of the B-W contrast for the mixed dislocations for a given g, with the B-W contrast directions at 30 to each other. For the given g, six of the B-W contrast directions observed for the mixed dislocations are the same as that observed for either the screw or edge dislocations; i.e., both the screw and edge dislocations B-W contrast directions overlap with that of a mixed dislocation. Figures 4(i)-4(k) show the schematic of possible B-W contrast directions for screw, edge, and mixed dislocations, respectively, for one g (31-4-3) . However, on changing the g [to (-1-34-3) ], the change in B-W contrast direction for a mixed dislocation is different to that of either a screw or edge dislocation. This is illustrated in Figs. 4(g) and 4 (h) where we show a mixed dislocation whose B-W direction is parallel to that for the screw and edge dislocations shown in Figs. 4(a)-4(c) , in the electron channelling contrast image acquired with a g of (31-4-3). On changing the g to (-1-34-3) the B-W contrast direction for the mixed dislocation is no longer perpendicular to that observed for a screw, and the B-W direction is also not observed to reverse its direction as observed for an edge dislocation. The B-W contrast direction for the mixed dislocation is observed to behave differently to that of a screw or edge dislocation when viewed in two images.
Once the dislocations have been identified (we identified 300 dislocations in our images with an uncertainty of less than 2%) it is possible to determine the relative densities of each type of dislocation. The total dislocation density was found to be 3:6 AE 0:2 Â 10 8 cm À2 . The percentage of pure edge dislocations was $51% followed by mixed with $42%. Pure screw dislocations accounted for only $7% of the total dislocation density. The ratio of the types of individual dislocations depends on the growth conditions and in general screw dislocations are fewer in number when compared to the mixed and edge due to the higher formation energy needed to make them stable. The relative densities of screw to edge as determined here are of the same order (7:3:1 as compared to 5:3:1) to those estimated from x-ray diffraction measurements [29] . Similar analysis has been carried out on nitride thin films produced under different growth conditions. In summary, ECCI proves to be an ideal nondestructive technique for the quick analysis of the dislocation density and it also gives qualitative information on tilt and twist boundaries. Our approach is a simple, rapid, nondestructive method which can be used to identify dislocation types in GaN and related alloys, and may also be applied to other materials, such as ZnO and SiC, with the wurtzite crystal structure.
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